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1. Introduction
Currently the main concern in GaAs-based dilute nitride research is the understanding of
their material properties. There are many contradictory conclusions specially when it comes
to the origin of the luminescence efficiency in these systems. different ideas have been put
forward some more plausible than others. However there is a lack of new ideas to overcome
the differences. This chapter will address such issues and then finally we will study SPSL
structures as an alternative to the the random alloy quaternary GaInNAs for more efficient
growth, design and manufacture of optoelectronic devices based on these alloys.
One of the major issues in current studies of GaInNAs is the metastability of the
material. To overcome the rather low solubility of N in GaAs or GaInAs, non-equilibrium
growth conditions are required, which can be realized only by molecular-beam epitaxy
(MBE) Kitatani et al. (1999); Kondow et al. (1996) or metal-organic vapour phase epitaxy
(MOVPE) Ougazazaden et al. (1997); Saito et al. (1998). Growing off thermal equilibrium
implies a certain degree of metastability. The aim of growing GaInNAs, emitting at the
telecommunication wavelengths of 1.3 µmand, also 1.55 µm, is only possible by incorporating
nearly 40% In and several per cent of N. These concentrations are at the limits of feasibility
in MBE and MOVPE growth on GaAs substrates. The emission wavelength of such
GaInNAs layers was strongly blue-shifted when, after the growth of the actual GaInNAs
layer, the growth temperature was raised for growing AlGaAs-based top layers (such as
distributed Bragg reflectors in vertical-cavity surface-emitting laser (VCSEL) structures or for
confinement and guiding in edge emitting laser structures). This led to a number of annealing
studies which yield somewhat contradictory results Bhat et al. (1998); Francoeur et al. (1998);
Gilet et al. (1999); Kitatani et al. (2000); Klar et al. (2001); Li et al. (2000); Pan et al. (2000);
Polimeni et al. (2001); Rao et al. (1998); Spruytte et al. (2001a); v H G Baldassarri et al. (2001);
Xin et al. (1999). This, ofcourse, is partly due to the different annealing conditions and growth
conditions used, but is also a strong manifestation of the metastability of this alloy system.
The full implications of the metastability are just evolving and different mechanisms causing
a blue shift of the band gap have been suggested Grenouillet et al. (2002); Mussler et al.
(2003); Spruytte et al. (2001b); Tournie et al. (2002); Xin et al. (1999). Nevertheless, all
discussions and investigations, so far, have suggested that GaInNAs material system is a
very promising candidate for telecoms and in particular datacom applications. However,
for both GaNAs and GaInNAs material systems, the higher the nitrogen incorporation, the
weaker the alloy luminescence efficiency. A key to the utilization of nitride-arsenide for long
wavelength optoelectronic devices is obtaining low defect materials with long non-radiative
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lifetimes. Therefore currently, these materials must be annealed to obtain device quality
material. Photoluminescence and capacitance-voltage measurements indicate the presence of
a trap associated with excess nitrogen hsiu Ho & Stringfellow (1997); Spruytte et al. (2001a).
Therefore the likely defect responsible for the low luminescence efficiency is associated with
excess nitrogen. It is believed that the effect of thermal annealing on the PL properties of these
structures is generally attributed to the elimination of non-radiative centers and improved
uniformity. Non-radiative centers are considered to originate from phase separation and/or
plasma damage from the N radicals Kitatani et al. (2000).
Interest in the tertiary material system GaNAs had been waned in favour of the quaternary
GaInNAs due to its inability to reach the long wavelengths required for commercial
applications. However, its new-found use in diffusion-limiting layers and in short-period
superlattice structures, and ofcourse being the simpler, ternary, dilute nitride equivalent
of GaInNAs and therefore, probably, easier to investigate and understand means that
its material properties and behaviour upon annealing are not only important but useful
considerations Gupta et al. (2003); Sik et al. (2001). The post-growth rapid thermal annealing
(RTA) is usually performed on these ternary Francoeur et al. (1998) and quaternary alloys
Spruytte et al. (2001b). Rapid thermal anneal strongly improves the photoluminescence (PL)
efficiency. This increase in PL intensity is usually accompanied with a blue shift of the PL
peak. In the following section, we focus on the effect of emission energy changes in the
photoluminescence (PL) spectrum with annealing of the GaNAs material system and try to
elucidate the controversy over its origin.
2. Annealing effects
2.1 Annealing of the ternary GaAs-based dilute nitride: GaNAs
In order to investigate the effect of annealing on this ternary dilute nitride, the sample
structure shown in figure 1 was devised. It consists of a 5 × 8 nm MQW structure, which
would provide a good PL signal, and that 8 nm wells (a few nm smaller than the critical
thickness for GaNAs layers) would prevent strain relaxation-related defects. Another reason
for using an 8 nm well was that a model of emission from a GaNAs MQW structure used to
compute emission energies for differentwell thicknesses and different nitrogen concentrations
indicates that. As the well width increases, the nitrogen concentration has increasingly less
influence on the bandgap, and so slight growth-rate-related variations in well thickness have
will have less of an effect on emission.
Samples with nitrogen concentrations of 1.0% and 2.5%were grown for our annealing studies.
The lower limit of 1.0% was chosen because it had been suggested theoretically (and has
since been demonstrated experimentally) that up to about 1.0%, the coexistence of strongly
perturbed host states (PHS) and localized cluster states (CS) of an isoelectronic nitrogen
impurity is observed, reflecting the non-amalgamation character of the band formation
process Kent & Zunger (2001a;b); Klar et al. (2003). In other words, GaNAs begins to act as
a ’dilute nitride’ at around y = 1.0%. Samples with 2.5% nitrogen were also grown, as this
is approximately the upper limit at which XRD data reflects the total nitrogen content of the
sample. It was also thought that if nitrogen out-diffusionwas to be responsible for the changes
seen as a result of annealing, the sample with higher-nitrogen concentration might, or should,
illustrate this more clearly than the sample with lower-nitrogen content.
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Fig. 1. Schematic nominal GaNAs/GaAs MQW structure used for annealing studies.
Sample Name Nominal RTA RTA Total
N-Concentration Round 1 Round 2
GaNAs21 1% 15 sec 30 sec 45 sec
GaNAs22 2.5% 15 sec 30 sec 45 sec
GaNAs23 1% 30 sec 30 sec 60 sec
GaNAs24 2.5% 30 sec 30 sec 60 sec
Table 1. Table showing the RTA times for different samples at 800oC.
PL measurements were made on the as-grown samples at 15 K and also after two ex-situ, RTA
treatments, see figures 2 and 3, which were performed at 800oC in ambient Ar using a GaAs
(001) insulating substrate proximity cap. Table 1 shows how the first and second rounds of
annealing were carried out so that the maximum amount of information could be extracted
from only three treatments. In this way, PL could be measured for two different nitrogen
concentrations and for five different annealing times, 0 s (as-grown), 15 s, 30 s, 45 s and 60 s.
Upon annealing, the peak wavelength of the 1.0% nitrogen samples blue shifted from 1.340 to
1.356 eV (at approx. 0.3 meV s−1), and the full-width half-maximum (FWHM) decreased from
65 to 23 meV (see figures 2). For the 2.5% nitrogen samples, the peak wavelength blue shifted
from 1.176 to 1.207 eV (at approx. 0.5 meV s-1), and the FWHM decreased from 38 to 22 meV,
see figure 3. Blue shifting, increased peak intensity and decreased FWHMare all effects typical
of a post-growth annealing treatment,the changes observed here are in agreement with those
reported by Buyanova et al Buyanova, Pozina, Hai, Thinh, Bergman, Chen, Xin & Tu (2000)
for similar MQW samples and annealing conditions. The fact that the rate of blue shifting
for the 2.5% sample is greater than (almost double) that of the 1.0% sample suggests that the
underlying mechanism may be N-dependent, but further work would be needed to verify
this.
Themain changes that occur due to thermal annealing, i.e. a blue shift in peakwavelength and
an improvement in integrated intensity and FWHM, have proved rather difficult to explain
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Fig. 2. 15K PL spectra for a five-quantum-well GaN0.025As/GaAs structure grown by
SS-MBE and annealed at 800oC for different lengths of time.
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Fig. 3. 15K PL spectra for a five-quantum-well GaN0.025As/GaAs structure grown by
SS-MBE and annealed at 800oC for different lengths of time.
in terms of the physical properties of the alloy, and definitive explanations remain elusive,
due, as already mentioned, in part to the sometimes contradictory nature of published results
Grenouillet et al. (2002); Li, Pessa, Ahlgren & Decker (2001).
Two possible explanations have, so far, been proposed to account for the observed blue shift
of GaNAs PL spectra with annealing. Li et al Li et al. (2000) observed a RTA-induced blue
shift in the low temperature photoluminescence (LTPL) spectrum of a single GaNAs quantum
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well and explained it quantitatively by nitrogen diffusion out of the quantum well. On the
other hand, Buyanova et al Buyanova, Hai, Chen, Xin & Tu (2000) performed low temperature
optical studies of both GaNAs multi-quantum wells and thick epilayers and showed that
annealing could induce a blue shift of the PL spectra without necessarily changing the
photoluminescence excitation (PLE) spectra energy, that is, the peak PL emission wavelength.
They therefore suggested that the change in the PL maximum was related to improvement
of the alloy uniformity and that RTA decreased the value of the localization potential. This
implied that nitrogen preferentially reorganized in the GaNAs layers rather than diffused into
the GaAs barriers. Further investigations by Grenouillet et al Grenouillet et al. (2002), confirms
the explanation by Buyanova et al, that nitrogen reorganizes into the narrow band gap GaNAs
material rather than escapes out of it. However it is important, ofcourse, to be aware that this
peculiar behaviour reflects the interplay of growth conditions, which is a whole research area
of its own, as well as metastability in this system.
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Fig. 4. 15K PL peak intensity and integrated intensity data for the 1.0% and 2.5% GaNAs
MQW samples for different anneal times.
Something which seems to have received less attention in the published literature, but which
is also an important consideration, is the limit to which annealing can improve PL efficiency.
If the degradation of PL intensity is related to defect density, then performance enhancement
through the annealing-out of defects is certainly limited. Additionally, the model suggested
by Grenouillet et al. Grenouillet et al. (2002) to explain optical performance based on
composition fluctuations has been demonstrated both theoretically and experimentally
Grenouillet et al. (2002); Pan et al. (2000) to result in a limit beyond which improvement is
negligible, although some papers have shown that ’extreme’ annealing can also cause samples
to degrade after passing through an ’optimal’ state see Hierro Hierro et al. (2003), Gupta et al
Gupta et al. (2003) and Xin et al Xin et al. (2000). The presence of hydrogen (which pacifies
optically-active centers) can also confuse matters, since its incorporation during ’gas-source’
and ’metal-organic’ growth and subsequent out-diffusion during annealing can augment
perceived improvements in optical efficiency Klar et al. (2003); v H G Baldassarri et al. (2001).
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The work and the data presented here is insufficient to comment on annealing to ’extremes’,
although the behaviour of both peak and integrated intensity, illustrated in figure 4, seem to
indicate a fall-off in the rate of increase with anneal time. The initial drop in both peak and
integrated intensity for the 1.0% samples might also suggest that localised excitonic emission
is the main source of emission in the as-grown 1.0% samples, but is quickly annealed out in
favour of band-edge emission from the uniform alloy. However, the underlying problems
with the morphology and defect density of both sets of samples are still sufficient to prevent
RT emission, see figure 5.
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Fig. 5. Arrhenius plot for a GaN0.025As MQW sample after annealing for 30s (•) and for 60s
(△) at 800oC.
The Arrhenius plot of the 2.5% nitrogen samples shows that emission begins to fall off at
around 35 K, dropping by around two orders of magnitude by 100 K. The activation energy
of the thermal loss mechanism is 38 meV after 30s and 36 meV after 60s, and a decrease from
41 to 38 meV is also observed for the 1.0% samples after a similar anneal. These values are
comparable with those given for both GaNAs and GaInNAs MQW samples Pomarico et al.
(2002); Toivonen et al. (2003a), although relatively few papers analyse GaNAs samples before
and after annealing in such a manner.
The observed consistent drop in the activation energy upon annealing might indicate a loss of
nitrogen from the wells. If we were to assume that the blue shift is entirely due to a change in
overall nitrogen composition of the wells then, according to figure 6, such a blue shift would
be consistent with a decrease in nitrogen composition of about 0.1%. This result is more than
two orders of magnitude smaller than the same result given by Wang et al Wang et al. (2002).
But this slight reduction in N-concentration (around 0.1%) is unlikely to be the cause of the
large blue shifting and improvements in emission. In any case, the evidence published on
the diffusion of nitrogen (or lack thereof) from dilute nitride layers is not conclusive, and
seems to be strongly-dependent on the composition/miscibility of the alloy and defect density
Albrecht et al. (2002); Loke et al. (2002); Peng et al. (2003).
Illustrated in figure 7 is the XRD rocking curves from samples GaNAs21-24, which shows
no evidence of significant changes in the two structures after the rapid thermal annealing
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Fig. 6. Theoretical (Solid line), for a well width of 70Å and experimental (Circles) optical
transitions in GaNyAs1−y MQW annealed samples, with varying nitrogen concentrations
determined from low temperature PL measurements.
(within the errors of the model). The main finding was that the structures grown were
smaller than had been intended due to a lower than expected growth rate. This suggests
that neither nitrogen out-diffusion from the wells, nor changes in well thickness, are likely
to be responsible for the blue shifting and intensity enhancement demonstrated by this set of
samples as a result of annealing. However, there is insufficient information here to comment
on whether the changes are related to a general reduction in defect density and improvement
in alloy uniformity, or to an improvement in morphology and/or compositional uniformity
at the interfaces Li, Pessa, Ahlgren & Decker (2001); Toivonen et al. (2003a;b).
 
In
te
n
s
it
y
 (
a
r
b
)
ω/2θ (secs)
-1
5
0
0
-1
0
0
0
-5
0
0 0
2
0
0
0
2
5
0
0
3
0
0
0
1
5
0
0
1
0
0
0
5
0
0
Fig. 7. Measured (lower) and simulated (upper) XRD rocking curves for as-grown
’GaNAs24’. The simulation is based on a five-period GaN0.025As/GaAs MQW structure
with 6.5 nm-thick QWs, 18.8 nm-thick cladding layers and a 70 nm GaAs cap.
Another interesting feature of the PL spectra for the 1.0% samples (at low T)
is that of the prominent low-energy tail, observed by both Buyanova et al.
Buyanova, Pozina, Hai, Thinh, Bergman, Chen, Xin & Tu (2000) for MQW samples and
by Wang et al. Wang et al. (2003) for 100 m-thick GaN0.0145As epilayers. Attempts have been
made to explain the origins of this feature with particular reference to localised excitons (LEs),
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initially due to the exponential shape of the tail, even though the origin of this localisation
is not fully understood. In some cases, PL spectra measured as T is increased from ∼10 to
300 K display two peaks, one of which diminishes with increasing T (characteristic of LE
emission) and the other of which increases with T (characteristic of free exciton (FE) emission)
Buyanova et al. (2002); Mair et al. (2000); Shirakata et al. (2002). In addition, the S-shaped
temperature dependence of the peak emission wavelength for GaNAs samples also suggest
that localised excitons dominate recombination at low T in dilute nitrides Hierro et al. (2003);
Mazzucato et al. (2003); Pomarico et al. (2002).
To date, the reasons offered for localisation at low T relate to compositional fluctuations
within the lattice Buyanova et al. (2003); Grenouillet et al. (2002); Hong & Tu (2002);
Kent & Zunger (2001a), or to the presence of point defects. These point defects can
take the form of low-level contaminants and vacancy defects Li, Pessa, Ahlgren & Decker
(2001); Toivonen et al. (2003b), and of N-related defects such as interstitials and complexes
Ahlgren et al. (2002); Li, Pessa & Likonen (2001); Masia et al. (2003) (which are shown to
increase with N-concentration) and ion-induced damage at the interfaces Ng et al. (2002);
Pan et al. (2000). What is clear from published material is that the annealing of GaInNAs
samples removes interstitial nitrogen and other non-radiative centers, thereby improving
alloy homogeneity, enhancing PL efficiency and reducing the prevalence localised excitons.
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Fig. 8. Natural-log plots of low-E halves of PL spectra (dotted lines) and linear fits (solid
lines) for (a) GaNAs23 (as grown), (b) GaNAs23 (60 s anneal), (c) GaNAs24 (as grown), and
(d) GaNAs24 (60 s anneal). An estimate of the localisation potential is given by the reciprocal
of the gradient.
In order to estimate the localisation potential responsible for the exponential tails seen in
figures 2 and 3, the low-E side of each spectrum was plotted on a natural log scale, see figure
8. These estimates are very close to one made by Buyanova et al. for a virtually-identical
structure Buyanova et al. (1999), and would seem to indicate that the localisation potential
decreases with a 60 s RTA at 800oC for both samples, although the data for GaNAs24 does not
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fit as well as for that of GaNAs23. This might be expected, looking at figures 2 & 3, since the
exponential tail is much more prominent for GaNAs23 than for GaNAs24.
2.2 Annealing of the quaternary GaAs-based dilute nitride: GaInNAs
Even though by nature a more complex system than GaNAs, being a quaternary RTA
in GaInNAs and its mechanisms are better understood and the general interpretation of
experimental observations are less contradictory. The presence of In seems to be the key
in this alloy. During the growth process, chemical bonding aspects dominate at the surface
which favour GaU˝N bonds instead of InU˝N bonds Kurtz et al. (2001). This surface state
is frozen in during the non-equilibrium growth process. In contrast to the surface, In-rich
nn-configurations of N are favoured in bulk at equilibrium due to the dominance of local
strain effects. Therefore, the frozen non-equilibrium bulk state can be transformed into the
equilibrium bulk state by annealing under appropriate conditions. Annealing GaInNAs leads
to a rearrangement of the N-sites favouring In-rich nn-environments. Depending on the
growth conditions, as well as annealing procedure, this presents one of the main contributions
to the large blue shift after annealing, which is observed in the PL of Ga1−yInyNxAs1−x
structures grown either byMOVPE or byMBEMasia et al. (2003); Moison et al. (1989). Further
experimental and theoretical evidence for this process was given in Wagner et al. (2003)
and Seong et al. (2001). Combining Monte Carlo and pseudo-potential supercell studies,
Kim and Zunger found that annealing of GaInNAs causes changes in the nn-configurations
of N towards In-rich environments and results in a blue shift of the band gap. Kurtz
et al showed by FT-IR vibrational spectroscopy that annealing of Ga0.94In0.06As0.98N0.02
converts nn-environments of N from 4Ga to 3Ga and 1In. X-ray photoelectron spectroscopy
have to date revealed that nitrogen exists in two bonding configurations in not-annealed
material, a GaU˝N bond and another nitrogen complex in which N is less strongly bonded
to gallium atoms. Annealing removes this second nitrogen complex. A combined nuclear
reaction analysis and channeling technique showed that not annealed GaNAs contains a
significant concentration of interstitial nitrogen that disappears upon anneal. It is believed
that this interstitial nitrogen is responsible for the deviation from VegardŠs law and the low
luminescence efficiency of not annealed GaNAs and GaInNAs quantum wells.
The low luminescence efficiency in not-annealed GaInNAs, again, indicates the existence of
nonradiative recombination centers or traps. Therefore annealing increases the luminescence
efficiency by decreasing the concentration of these centers. Saito et al Saito et al. (1998)
Xin et al Xin et al. (1999) and Geisz et al Geisz et al. (1998) postulated that this trap was
due to hydrogen impurities. They observed that during the growth of nitride-arsenides by
metal-organic chemical vapor deposition (MOCVD) or gas source molecular-beam epitaxy
hydrogen supplied in the group V gas sources is incorporated. They also observed changes in
the hydrogen concentration profile when annealing. However, Spruytte et al Spruytte et al.
(2001b) group and other people growing nitride-arsenides by solid source MBE (such as
the group I am involved with) using an rf plasma Miyamoto et al. (2000) observed the
same increase of luminescence efficiency with annealing with almost no hydrogen present.
Hence, despite the recent laser successes, there is still significant work remaining to tame
GaAs-based dilute nitride materials system in order to realize the full wavelength range of
high-performance optoelectronic emitters. Most critically the strong impact of annealing on
the material properties clearly indicate that, still, the epitaxial growth of these alloys is not
yet fully mastered. Some aspects such as, to cite but a few, the effect of plasma species on
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the crystal quality during MBE growth, N segregation, phase separation, ordering, remain
to be explored. For all growth techniques there appear to be a need to further work on
N-sources. The fine structure of the band gap of GaInNAs, and the metastability caused by
different N-environments, requires further studies. The implications on the band alignment
of heterostructures containing GaInNAs, as well as on the properties of lasers containing this
quaternary alloy, need to be discussed. Also transport properties of these alloys should be
investigated in more details in connection with epitaxial growth conditions. Most work to
date has focused on low N-content alloys. the growth of high-quality high-N-content alloys
for fundamental as well as applied purposes remains a real challenge.
2.3 Alternative dilute nitride emitting structures: SPSL structures
Further to our studies above, in order to gain a better understanding of the issues raised
above we have also started to investigate short period super lattice (SPSL) structures
of GaInNAs system. The SPSL growth method provides a simple way to tune the N
concentration in ternary, GaNAs QWs as well as the In concentration in the quaternary,
GaInNAs QWs. The low temperature PL spectra of a 7(GaN0.025As)5 6(GaAs)6.4 SPSL and the
equivalent 70 GaN0.01As/GaAs QW, where the parameters stated are determined through
XRD measurements, low temperature PL is illustrated in figure 9.
Fig. 9. (a) 15K PL of 7(GaN0.025As)5 6(GaAs)6.4 SPSL and 80 GaN0.01As/GaAs QW samples.
(b) The calculated transition energy of 7(GaN0.025As)m 6(GaAs)n SPSL structure vs.
GaN0.025As thickness, m. The 7(GaN0.025As)5 6(GaAs)6.4 SPSL measured PL-peak is shown
by the dark circle.
The PL intensity of the SPSL sample is stronger than that of the bulk layer, as reported also
by Hong et al Hong et al. (2002; 2001). The PL-peak position, however, is slightly smaller than
that of the bulk layer. This is in accordance with our transition energy calculations of figures
6 and 9(b), by comparing their relative positions on figures 6 and 9(b) respectively. The SPSL
calculation of figure 9(b) is based on the propagation matrix algorithm Jalili et al. (2004), see
chapter 5.
Therefore a better way to improve the luminescence efficiency (material quality) of
III-Ny-V1−y alloys, would be that instead of growing the alloy GaInNAs with a random
spatial distribution of atoms of the group III elements, a super-lattice (SL) based on the binary
compound InAs and the ternary GaNAs should be grown. This would result in a precise
arrangement of group III elements and separation of In and N into distinct, separate, layers
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Hong et al. (2001). Therewould, of course, be significant strain to be accommodated due to the
lattice mismatch of ∼ 6% between InAs and GaAs and this would restrict the thickness of the
layers forming the super-lattice Gerard et al. (1989); Hasenberg et al. (1991); Jang et al. (1992);
Moreira et al. (1993); Toyoshima et al. (1990; 1991). An obvious way to reduce the strain and
hence remove the bound on the layer thickness would be to use two ternary alloysGaInAs and
GaNAs. Certainly, this could be done. The advantage of the binary/ternary combination is
that we remove the need to control both In and nitrogen, needing only to control the nitrogen.
2.3.1 (Short-period) Super-lattice structures
The concept of the semiconductor "super-lattice" (SL) was introduced by Leo
Esaki,Esaki & Tsu (1970) to describe a crystalline structure with a periodic one-dimensional
structural modification. This was achieved by growing, epitaxially and sequentially, multiple
thin layers of two semiconductor materials of similar crystal structure but distinctly different
energy band-gaps. In this paper we wish to develop and apply techniques to predict the
optical properties of such super-lattices (SL) particularly short period super-lattices (SPSL).
We aim to use this information to design and fabricate SPSL structures which are optically
equivalent to structures formed using the quaternary III-N-V random alloy systems, Hong et
al Hong et al. (2002; 2001), which will be our main topic for the rest of the current chapter.
3. The idealised super-lattice and its limitations
The electronic and optical properties of SPSL structures have usually been studied by
considering an infinite number of identical layers stacked within the same semiconductor
structure, and positioned periodically to form a super-lattice Sai-Halasz et al. (1977). The basic
SL structure is illustrated in Fig. 10(a), where each period, or unit cell, consists of one well
region with width, dA, and a barrier region of width, dB. The period of the super-lattice is
d = dA + dB. The host materials, labeled A and B, are the binary (InAs) and ternary (GaNAs)
semiconductors respectively. Other configurations using the ternary, GaInAs, and the ternary
GaNAs, structures are also possible Hong et al. (2002; 2001).
The Kronig-Penny model of the super-lattice, which is based on the Bloch theorem, is an
idealized model. Any practical structure will have a finite number of period and, as shown
in Fig. 10(b), is often bound by a wider band-gap semiconductor (labeled ’C’ in Fig. 10(b)).
Indeed it is quite possible to consider the structure shown in Fig. 10(b) to be one element of a
structure in which the structure is repeated in an analogous way to the formation of multiple
quantum wells. We will consider the modeling of this (short-period) super-lattice later. At
this point, however, we will discuss the model of
the idealized structure, considering it as a limiting case which our finite model must tend to
as the number of periods becomes large. To determine the band-structure of the SL structure
(a), we consider the potential within a period 0 < z < d to be given by
V(z) =
{
VA 0 < z < dA
VB dB < z < d
(1)
and
V(z + nd) = V(z), for any integer n. (2)
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Fig. 10. Schematic representation of the conduction and valence band edge profile of (a) a SL
structure of semiconductors A and B (or in-short (A)dA (B)dB ), showing wells of width dA
alternating periodically with barriers of width dB and differential height Vo, to form a SL of
period d = dA + dB. (b) SL structure of finite length L, confined by semiconductor C, GaAs,
i.e. SPSL.
Within such a structure the electrons and holes experience a periodic potential, which is
unbounded in the same way as we assume for a bulk crystal. This implies that the electron or
hole wave-functions are no longer localised but extend through-out the lattice. Electrons are
therefore equally likely to be found in any of the wells in the super-lattice. Electrons in such a
structure are said to occupy "Bloch states".
Ψl(z + d) = e
iqd
Ψl(z) (3)
The energy dispersion curve for the SL, E(q), will be restricted to the first Brillouin zone
of the SL, i.e. −pi/d ≤ q ≤ pi/d. The SL (or Bloch) wavevector, q, is orientated along the
crystal growth direction, which we have taken to be the z-axis. The SL dispersion curves
representing the energy E of a particle as a function of its wavevector, q, are obtained from the
Kronig-Penny expression.
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cos(qd) = cos(kAdA) cos(kBdB)−
k2A + k
2
B
2kAkB
sin(kAdA) sin(kBdB) (4)
We use the nomenclature (InAs)m (GaNyAs)n to specify a SL in which m mono-layers of the
binary alloy and n mono-layers of the ternary constitute the basic lattice which is repeated to
form the super-lattice. Calculations of the band-structure are shown below in Fig. 11(a) and
(b) for m=4, n=4; m=4, and n=9; and for two different nitrogen compositions.
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Fig. 11. Band structure calculations of (InAs)4 (GaNyAs)4, solid line, and (InAs)4 (GaNyAs)9,
dashed line, SLs. (a) GaNAs with 2% N (b) GaNAs with 0.5% N.
By analogy with bulk and QW energy dispersion relations, we should be able to predict
the thickness of a SPSL structure by analysing the energy wave-vector dispersion plot of an
equivalent SL-structure, i.e. the same unit cell structure, in the reciprocal space. This can be
done from the definition of k-vector, in the k-space the propagation vector, which is basically,
assuming Ψ(z)→ 0 at end points, the simple quantum mechanical expression
E =
1
2m∗(E) h¯
2|q|2
=
1
m∗(E) h¯
2 2pi
2
L2
(n2x); nx = 0,±1,±2 ...
(5)
Relating the wave-vector, k(≡ q), and the transition energy, ∆E(k). Pictorially, by using
the energy wave-vector dispersion diagram of a SL structure, illustrated schematically in
Fig. 10(a), we would want to estimate the thickness, L, of a SPSL structure, illustrated
schematically in Fig. 10(b), which have the same unit cell and transition energy. The energy
wave-vector dispersion of (InAs)4(GaN0.02As)9 SL structures for two differentN compositions
of 0.5% and 2% are illustrated in Fig. 11(a)and (b) respectively. The two transition energies,
∆E(q1) and ∆E(q2) both correspond to 1.3 µm emission, shown in Fig. 11(a). However as the
wave vector in the latter transition is larger, then the corresponding SPSL structure will have
a smaller overall length in comparison. This is deduced from Eq 5.
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4. The short period super-lattice
Beforewe proceed to the details of the propagationmatrix calculation of the optical transitions
in a SPSL, we need to consider the properties of the binary (InAs) and ternary (GaNAs) alloys
that form the SPSL. There are two distinct issues we need to address. The first is simply the
modeling of the bulk properties of these materials, particularly when there is considerable
strain at the interface with say, GaAs. The second issue is the need to determine the band
off-set arrangement both between InAs and GaNAs and GaNAs and GaAs.
We start with the binary alloy InAs, this is a narrow gap III-V semiconductor, so when
considering optical transitions, band non-parabolicity is important and must be accounted
for. We used the 3-band Kane Hamiltonian to investigate the band-edge electronic description
of bulk InAs-GaAs, where the lattice mismatch is accommodated by biaxial compressive strain
within the InAs layer. To model the GaNAs, we use the band-anti-crossing (BAC) model to
explain the unusually strong band-gap reduction of GaAs through the replacement of only
a few percent of the arsenic atoms by nitrogen Shan et al. (2001); Weyers et al. (1992). The
good agreement between a 5-band (10 including spin) k.p and the BAC model, confirms the
validity of this two band model at the band-edge O’Reilly et al. (2002). In this model, the
nitrogen atoms forma flat and almost dispersionless band, resonantwith the GaAs conduction
band, but, which also interacts with the GaAs conduction band minimum. This interaction
leads to the formation of two bands of mixed GaAs-nitrogen character. The lower band is
shifted downwards with respect to the GaAs conduction band-edge by > 100 meV for each
percent increase of nitrogen concentration. The new conduction band minimum is strongly
non-parabolic. To take account of this, and the non-parabolicity of the valence band, we have
used the modified Kane Hamiltonian, with the inclusion of the nitrogen.
The Hamiltonian, which includes the off-diagonalmatrix elements linking the ψN , ψC and ψlh,
ψso basis states, is written as⎡
⎢⎢⎢⎢⎢⎣
EN VNC PNkz 0
VNC EC −i
√
2
3PKkz i
√
1
3PKkz
PNkz i
√
2
3PKkz δEs −
√
1
2 δEs
0 −i
√
1
3PKkz −
√
1
2 δEs Eso
⎤
⎥⎥⎥⎥⎥⎦ (6)
Where the nitrogen dependant terms are defined as
EC = E
GaAs
g − (1.55− 3.88)y
EN = 1.65− (3.89− 3.88)y
VNC = −2.4√y
(7)
The nitrogen concentrations, y, in molar units, are extremely small, only a few percent. δEs,
and Eso are the light-hole and the spin-orbit splitting band-edges respectively. The heavy-hole
band is decoupled from the rest of the bands. The heavy-hole band-edge is set at zero. The
coupling term, the matrix element PN , in the Hamiltonian above is ∼ 10% of PK , the Kane
matrix element, as reported by O’Reilly et al O’Reilly et al. (2002). However, others suggest
that PN is about an order of magnitude smaller than this Linsay (2002). Therefore in view of
there being no consensus over the value of PN and also the general difficulty in determining
its value, it is therefore best to set the k-dependant N-related terms to zero. The determinant
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equation | HKane,N − EI | then gives the following dispersion relation within the vicinity of
the band edges
k2z =
3
P2K
(E− EN)(E− EC)[(E− δEs)(E− Eso)− δE
2
s
2 ]
(E− EN)[3E + δEs − 2Eso]
− V
2
NC[(E− δEs)(E− Eso)− δE
2
s
2 ]
(E− EN)[3E + δEs − 2Eso]
(8)
The lattice mismatch between bulk GaNAs and GaAs is accommodated by biaxial tensile
strain within the GaNAs layer. Plots of band structures of InAs-GaAs and GaN0.02As are
illustrated in Fig. 12(a) and (b) respectively.
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Fig. 12. Illustration of calculated, Kane description, dispersion relations of real and
imaginary wave-vectors in InAs and GaN0.02As semiconductors, corresponding to 6.67%
compressive and 0.53% tensile strains respectively. The dashed line is based on the BAC
Shan et al. (1999) model.
Except for the band-gap energy, the electron effective mass, Skierbiszewski et al. (2000) the
lattice constant and the valence band deformation potential, Raja et al. (2002) most parameters
for GaNyAs1−y are obtained by a linear interpolation between the parameters of the relevant
binary semiconductors given in table 2.
Moving to the discussion of the band off-set issue, we note that the presence of nitrogen
atoms is assumed to influence predominantly the host conduction band, with the valence
bands remaining largely undisturbed. Following this model one might therefore expect
the band-gap mismatch between the well and barrier material in GaNyAs1−y /GaAs
heterostructure to show up predominantly in the conduction band off-set, with the
valence-band offset being zero or negative. However, recent experiments suggest that
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GaAs InAs GaN InP
Eg, RT (eV) 1.424 0.36 3.2 1.344
Eg, LT (eV) 1.519 0.41 3.39 1.424
Ep (eV) 25.7 22.2 25.4 16.7
∆ (eV) 0.34 0.32 0.015 0.11
ao (Å) 5.6533 6.0584 4.503 5.8687
agap (eV) -8.3768 -6.08 -7.8 -6.31
b (eV) -1.7 -1.8 -1.9 -1.7
c11 (GPa) 181.1 83.29 293 10.11
c12 (GPa) 53.2 101.1 159 5.61
m∗e/mo 0.067 0.023 0.22 0.08
m∗hh/mo 0.5 0.4 0.8 0.6
m∗lh/mo 0.087 0.026 0.19 0.089
m∗so/mo 0.15 0.16
Table 2. Parameters of GaAs (de Walle (1989)), InAs (de Walle (1989)), InP and GaN (de Walle
(1989); Fan et al. (1996); Kim et al. (1996); Pearton (2000); Persson et al. (2001)) used in the
calculations.
this might not be true Buyanova, Pozina, Hai & Chen (2000); Egorov et al. (2002). Latest
results and measurements have determined that the band lineup in GaNAs-GaAs (for
low N compositions) is of type I Buyanova, Pozina, Hai & Chen (2000); Egorov et al. (2002);
Klar et al. (2002). InAs and GaAs are also expected to show a type I band line up de Walle
(1989). However, to authors’ knowledge, there is currently no information on band lineup
of InAs-GaNAs heterostructure. Therefore, with GaAs band edges as the reference, we
have lined up InAs and GaNyAs by lining up InAs/GaAs (60:40 in favour of CB) and
GaNyAs/GaAs (y = 0.02, ∼ 90:10 in favour of CB). The band diagram is illustrated in Fig.
13.
5. SPSL design & calculations: The propagation matrix approach
In this section we show how the Schrödinger equation for a one dimensional potential
profile with an arbitrary shape, a SPSL in this case, (Fig. 10(b)), can be solved using a
propagation matrix approach, similar to that used in electromagnetic wave reflection or
guidance in a multilayered medium Kong (1990); Yeh & Yariv (1984). An arbitrary profile,
V(z) can always be approximated by a piece-wise step profile. In contrast to the conventional
method, described above, where the Bloch condition must be employed to obtain the
required translational symmetry of the problem Bastard & Brum (1986), a propagation matrix
approach produces a more accurate energy band solution of a SPSL structure Ram-Mohan et al
Ram-Mohan et al. (1988), since it provides an extra degree of freedom in space, z, to vary the,
layer dependant, potential Vl(z) accordingly. This is in contrast to the conventional method
in which the layer dependant potential remains fixed and repeats itself infinitely over the SL
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unit cell Bastard (1988). Of course, a SPSL structure should tend towards a SL structure with
increasing period. One way of discovering exactly how many quantum wells or unit cells are
required before a finite structure resembles an infinite one (i.e. a SL) would be to look at the
ground state energy as a function of the number of periods within a SPSL structure.
GaAs
InAs
GaN  Asy
InAs
GaN  Asy
GaAs CB
Q   : Qc v
InAs/GaAs            60 : 40
GaNAs/GaAs     90 : 10
hh
lh hh
lh
hh
lh
GaAs VB
GaAs
Fig. 13. Energy band line-up profile of GaAs/M(InAs)dAN(GaN0.02As)dB/GaAs SPSL
structure. lh and hh denote light and heavy holes, the conduction and valence band offsets,
denoted by QC and QV respectively is determined to be 50:50 for InAs/GaN0.02As.
A SPSL structure may consist of a number of heterostructures. As we know QWs are
fabricated by forming heterojunctions between different semiconductors. From an electronic
viewpoint, semiconductors are different because they have different band structures and,
hence, band gaps. Apart from the bandgap, there are other properties which are also different
in semiconductors, such as the dielectric constant, the lattice constant and, what is considered
as the next most important quantity, the effective mass. In general the calculation of static
energy levels within QWs should account for the variation in the effective mass across the
heterojunction under appropriate boundary conditions. The boundary conditions on the
envelope functions can be obtained by integration of the coupled differential equations across
an interface. This problem has been previously addressed in the literature, Johnson et al, also
Bastard et al and Taylor et al, these can be stated as requiring the continuity of both
ψl,n(E, z) and
1
m∗l,n(E, z)
∂
∂z
ψl,n(E, z) (9)
across a heterostructure interface. Where m∗l,n(E, z) and ψl,n(E, z) are the energy dependant
effective mass and envelope coefficients in layer ’l’ and band ’n’, which we will looked at in
detail in chapter 2.
Within a multilayer structure, for a given energy, the envelope function in each layer can be
written as a sum of forward and backward traveling waves
ψl(z) = Ale
ikl(z−zl) + Ble−ikl(z−zl), zl−1 ≤ z ≤ zl (10)
Where the wavevector kl is given by the auxiliary equation for each layer and is expressed as
k2l =
2m∗l (E, z)(E−Vl(z))
h¯
(11)
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Applying the boundary conditions of Eq. (9) a general form of a propagating matrix at an
interface between layers l and l ′ is obtained as
Πl→l ′(E) = PlD−1l Dl ′Pl ′ (12)
where Dl , the transition matrix, which is obtained from the boundary conditions, and Pl , the
propagating matrix, are defined as
Dl =
(
1 1
kl
m∗l (E,z)
− kl
m∗l (E,z)
)
, Pl =
(
eiklzl 0
0 e−iklzl
)
(13)
Therefore the matrix PlDl takes us from layer l + 1 to l. For a large number of layers, the
propagation matrix for each layer can be linked forming the propagation matrix of the whole
structure
Imposing the relevant boundary conditions, (i.e. ψ(z) → 0 as z → ±∞) the wavefunction
must tend toward zero into the outer barriers (GaAs in this case), and the coefficients of the
growing exponentials must be zero. Therefore(
AN
0
)
=
(
Π11(E) Π12(E)
Π21(E) Π22(E)
)
=
(
0
B0
)
(14)
Eq. (14) implies that for nontrivial solutions, we must have the eigenequation above satisfy,
Π22(E) = 0 (15)
SPSLs are conventionally defined by the number M of interfaces of InAs grown upon
GaNAs, and the number N of interfaces of GaNAs grown upon InAs, with the numbers
m and n, measured in Angstrom (Å),which define thicknesses of InAs and GaNAs layers
respectively.Jang et al. (1992); Moreira et al. (1993); Toyoshima et al. (1990) The short form of
the expression is M(InAs)m N(GaNAs)n ≡ N[(InAs)m(GaNAs)n]+(InAs)m. Therefore a SPSL
of N periods consists of ’N’ GaNyAs layers and ’N+1’ (=M) InAs layers. In this case the SPSL
structure equivalent to a single quantum well of the random alloy 8.5 nanometers thick and
composition GaIn0.35N0.015As/GaAs, is obtained by imposing the molar composition ratios
of III-Ny-V1−y constituents onto SPSL layer thicknesses which would give us the numbers M,
N, m and n, written in short form, as 7(InAs)46(GaN0.015As9) or 14(InAs)213(GaN0.015As4.5).
Hence the overall length of the SL is limited to what would be the typical dimensions of an
8.5 nm GaIn0.35N0.015As-GaAs QW, which places the band-edge (0.95eV) at around 1.3 µm.
Fig. 14, illustrates, in plots (a) and (b), transition energies of 7(InAs)46(GaN0.02As)n
and 14(InAs)213(GaN0.02As)n SPSLs, surrounded on either side by GaAs, as a function of
barrier layer thickness, n, respectively. As expected, the transition energy is larger for
the structure with smaller QW thickness, and for both structures, the transition energy
levels off with increasing barrier thickness. Note that the points that correspond to the
7(InAs)46(GaN0.02As)9 and 14(InAs)213(GaN0.02As4.5 SPSL structures in Fig. 14 plots (a) and
(b) respectively, are indicated with a dashed line. As was predicted, the band edge transition
is at 1.3 µm. Plot (a) of Fig. 15 is transition energy of an M(InAs)3N(GaN0.02As)2 SPSL
as function of period, N, and plot (b) is that of the M(InAs)4N(GaN0.03As)2 SPSL, where
in the latter case we have effectively lowered the barrier height by increasing the nitrogen
concentration to 3% and the well thickness to 4 Å respectively.
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Fig. 14. Energy gap of InAs/GaN0.02As SPSL structure as function of varying GaNAs
(barrier) layer thickness (a) 7(InAs)46(GaNAs)n configuration (b) 14(InAs)213(GaNAs)n
configuration.
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Fig. 15. The calculated transition energy plots of SPSL structures as function of SPSL-period,
N. (a) M(InAs)3N(GaN0.02As)2 and (b) M(InAs)4N(GaN0.03As)2. The dotted line is the
numerical result for the M(InAs)3N(GaN0.023As)6.2 SPSL structure. The circle (o) is from
Hong et al(needs reference in here)and is the experimental result for
10(InAs)39(GaN0.023As)6.2 SPSL annealed structure.
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Therefore varying by the number of periods and/or barrier height within a SPSL structure, the
position of the band edge can be modified significantly. For the plots it is clear that a structure
which would absorb or emit at the important telecommunication wavelength of 1.5 µm can
be achieved. We could equally reduce the potential barrier height of the cladding layer (GaAs
in this case) by incorporation of In, in order to reduce the band edge to 1.5 µm, since, due
to limitations of strain, the InAs layer thickness, with a critical thickness, hc ≤ 5 Angstroms
cannot be varied arbitrarily. As expected a larger number of SPSL periods, N, reduces the
transition energy. The same pattern holds with a reduction in potential barrier height.
The following plots illustrate contour plots for various SPSL structures which emit or absorb
light at 1.3 µm. The contours in Fig. 16(i) indicate that by reducing dB, tunneling across the
barriers increases and leads to a reduction of the carrier energy within the wells. Therefore
to make up for this reduction we need to increase the barrier height, Vo, or we must reduce
the N concentration since the number of unit cells and the well width, dA, are fixed. The two
contour lines in the figure imply that if SPSL-period, N, is reduced in going from solid line
contour to the dashed line contour, then the carrier energy is increased. Therefore thinner
barriers or more nitrogen, are required to lower the barrier height, since dA is fixed. Further
more, for nitrogen concentrations of 0.5-1.5% the contour curvature is negligible with respect
to N concentrations. This is particularly so for smaller numbers of periods, N. This is very
significant considering that band gap variation in III-(N)-V systems is nonlinear with respect
to the nitrogen concentration and is therefore very difficult to control even by sophisticated
epitaxial growth techniques. Fig. 16(ii) illustrates 1.3 µm contour plots for fixed nitrogen
concentration and well thickness. In this case an increase in barrier thickness, dB, reduces the
carrier energy within the wells, and therefore, to make up for this we would have to increase
the number of periods. Going from the contour represented by a dashed line to the one
represented in dotted line, the nitrogen concentration increases from 0.5% to 2% respectively.
For higher nitrogen concentrations the barrier height Vo, is lowered implying that the carrier
energy decreases. Therefore we would have to reduce the number of periods to make up for
the carrier energy reduction. In Fig. 16(iii) the contours indicate that, since increase in number
of periods lowers the carrier energy, the barrier height needs to be raised as dA and dB are
both kept fixed. This is achieved by reducing the nitrogen concentration. The same pattern
holds when barrier width, dB, is reduced, as shown by the solid line of Fig. 16(iii). Again, as
with contours of Fig. 16(i), the transition energy is not very sensitive to variations in nitrogen
concentration for the smaller barrier width particularly for 2-3% nitrogen concentrations. This
is in contrast to structures with comparatively larger barrier width (dashed line of Fig. 16(iii))
which leads to better control over nitrogen concentration in growth. These results, which are
based on numerical models are in agreement with the predictions based on the SL model.
The results are very encouraging for design and fabrication of short period superlattices
suitable for devices which emit or absorb light at 1.3µm and also 1.5 µm of GaAs-based dilute
nitrides. Specifically, more degrees of freedom are available for the design of nanostructure
optoelectronic devices based on a given choice of materials. Structures can be engineered to
vary the SPSL energy gap, by suitable choice of layer thicknesses, which can be atomically
controlled using thin film crystal growth techniques such as MBE, as well as varying the
number of SL period and layer composition. The proposals to use dilute nitride SPSL
structures results in the separation of In and N and would over-come some of the key
material issues limiting growth of III-Ny-V1−y alloys. The growth of the binary and ternary
configuration of GaInNAs SPSL should also provide better compositional control since the
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Fig. 16. 1.3 µm contour plots of (i) 4(InAs)413(GaNyAs)n, solid line, and
7(InAs)46(GaNyAs)n, dashed line, SPSLs vs. barrier width, n, and N-concentration,y.
(ii)M(InAs)4N(GaN0.005As)n, dotted line, M(InAs)4N(GaN0.01As)n solid line, and
M(InAs)4N(GaN0.02As)n, dashed line, SPSLs vs. number of periods and barrier width. (iii)
M(InAs)4N(GaNyAs)9, dashed line, and M(InAs)4N(GaNyAs)4, solid line, SPSL structures as
function of number of periods, N, and N-concentration, y.
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incorporation of nitrogen will involve only one group III-element in each period of the
structure. Also, since in SPSL structures the well/barrier width and therefore the period are in
effect reduced to less than the electron mean free path, the entire electron system will enter a
quantum regime of reduced dimensionality in the presence of nearly ideal interfaces, resulting
in improved mobility within these structures. Therefore, design and growth of more efficient
optoelectronic devices based on III-Ny-V1−y systems should be possible. The current work on
SPSL dilute nitride structures is very scarce. To authors knowledge apart from our group only
one other has produced such work without any proper theoretical back up tough. Therefore
the potential is tremendous in this field with many possible directions in obtaining a better
understanding of the important GaAs-based dilute nitride systems.
If dilute nitride materials are to prove their worth, then it must be demonstrated that they
can be used to produce durable optoelectronic devices for use at 1.3-1.55 m applications.
Unfortunately, a full understanding of the fundamental nature and behaviour of nitride
alloys, especially during the annealing treatments that are required for optimumperformance,
continues to elude researchers. Certain trends have been identified qualitatively, such as
that optimum anneal conditions depend on composition, and more specifically on (2D/3D)
growth mode Hierro et al. (2003), on nitrogen content Francoeur et al. (1998); Loke et al.
(2002), and on indium content for GaInNAs Kageyama et al. (1999), but ’optimum’ annealing
treatments continue to vary widely, according to growthmethod, growth conditions, structure
and composition. We believe that SPSL structures have an important role to play in such
studies. Therefore the priority should be to repeat the previous annealing study and try
to obtain more information about the improvements seen during annealing. This could
be done by measuring more-comprehensively the relationship seen in Arrhenius plots of
integrated PL intensity vs. 1/T. Additionally, a series of experiments designed to find the
optimum combination, duration and temperatures for in-situ and/or ex-situ annealing should
be carried out, and repeated for SPSL active layers to determine whether such dilute nitride
structures are capable of outperforming more-primitive MQW structures. These experiments
should also provide another opportunity to investigate the optical performance of nitrides.
We made use of the transfer matrix algorithm based on the envelope function approximation
(EFA). The results obtained demonstrated excellent agreement with those obtained
experimentally so far, to authors knowledge, Hong et al Hong et al. (2001). Since the
transfer matrix method is based on the EFA, it has the corresponding advantage that the
input parameters are those directly determined by experimentally measured optical and
magneto-optical spectra of bulk materials. The effect of additional perturbations, such as
externally applied fields, built in strain in superlattices are easily incorporated into the k.p
Hamiltonian with no additional analysis in the transfer matrix method. Furthermore the
transfer matrix method provides a simple procedure to obtain the wavefunctions, which are
particularly useful in evaluating transition probabilities.
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